Phase shifts of the circadian conidiation rhythm in Neurospora crassa were induced by 3-hour treatments of mycelia in liquid medium with diethyistilbestrol (DES), dienestrol (DIE), hexestrol (HEX), diethylstilbestroldipropionate (DESP), and dienestroldiacetate (DIEA). Over a 24-hour period beginnig 24 hours after the transition from light to constant dark, maximum phase shifts occurred about 36 hours. DES was the most effective of the drugs tested, giving 10-hour phase advances at 20 micromolar. DIE and HEX caused shmilar phase shifts as DES at 40 micromolar. The two derivatives of the last, DESP and DIEA, were much less effective in shifting phase; only a few hours of phase advance result from treatments at 80 micromolar concentrations. Gonyaulax (17, 27, 28, 29) and Phaseolus (5, 6). On the basis of these results, several models have been proposed that include membrane structure and function as components of the clock (12). In these models, active transport in ions, in particular by the plasma membrane, is central (7, 20 The bd (band) strain of Neurospora crassa was used. Procedures for maintenance of stock cultures and for liquid culture are the same as reported by previously (18). Conidia (13 x 105) suspended in distilled H20 were added to 25 ml of liquid medium containing Fries' salts (15), 0.3% glucose, 0.5% arginine (22), and cultured for 35 h in continuous light at 26°C. Discs were cut from the mycelial mats with a cork borer 11 mm in diameter. Six discs were transferred into 125-ml Erlenmeyer flasks with 25 ml of liquid medium containing Fries' salts (15), 0.03% glucose, and 0.05% arginine, and cultured on a reciprocal shaker (100 cycles/min) in continuous darkness at 26°C. The medium was adjusted to pH 7.0 before autoclaving by addition of NaOH. It became pH 6.7 after autoclaving. Chemicals were solubilized with ethanol and added to the medium. The final concentration of ethanol was 0.4%, and control series were always treated with the same concentration-ofethanol. Treatment with this concentration ofethanol for 3 h did not cause phase shifting at any time. The discs were washed once with fresh medium containing Fries' salts (15), 0.15% glucose, and 0.25% arginine and transferred individually to race tubes with 8 ml of solid agar medium containing Fries' salts (15), 0.15% glucose, 0.25% arginine, and 1.5% agar. They were cultured in continuous darkness at 26°C. All manipulations after the transition from light to dark were done under red safe light from 30-w white fluorescent lamps with red acrylic plate filters (Acrylite, Mitsubishi).
The molecular mechanism of the clock that controls circadian rhythms is still unknown although these rhythms have been observed in many eukaryotic organisms. Recently, however, some metabolic inhibitors when given as pulse treatments have been reported to shift the phase of the clock of several organisms. The amount of phase shifting is dependent on the phase of the cycle when the drug is given. Cyclic changes of sensitivity to the inhibitors indicates that biochemical reactions inhibited by them are necessary for normal clock function at the sensitive phase, but are not necessary for normal clock function at the insensitive phase. Chemicals affecting membrane permeability, for example alcohols and ionophores, are reported to shift the phase of the clock in Gonyaulax (17, 27, 28, 29) and Phaseolus (5, 6) . On the basis of these results, several models have been proposed that include membrane structure and function as components of the clock (12) . In these models, active transport in ions, in particular by the plasma membrane, is central (7, 20) . If these models are correct, inhibitors of plasma membrane ATPase would be expected to shift the phase of the clock, because ATPases are usually involved in active ion transport. In Neurospora, the plasma membrane ATPase functions as a proton pump, and many substrates are transported into the cells using the resultant electrochemical proton gradient (24, 26) . DES (19) . However, in animal cells, DES perturbs several mitochondrial functions (9, 25) , and mitochondrial inhibitors have also been reported to shift the phase of the clock in Aplysia (13) . It would therefore be difficult to identify unambiguously the site of action of DES, even if it shifts the phase of the clock. However, Stoppani and Vallejos (25) reported that compounds related to DES differentially inhibit mitochondrial 02 consumption in animal cells. This paper compares effects of these compounds on respiration and plasma membrane ATPase activity as well as on clock function.
MATERIALS AND METHODS
Culture Conditions and Determination of Conidiation Rhythm. The bd (band) strain of Neurospora crassa was used. Procedures for maintenance of stock cultures and for liquid culture are the same as reported by previously (18) . Conidia (13 x 105) suspended in distilled H20 were added to 25 ml of liquid medium containing Fries' salts (15), 0.3% glucose, 0.5% arginine (22) , and cultured for 35 h in continuous light at 26°C. Discs were cut from the mycelial mats with a cork borer 11 mm in diameter. Six discs were transferred into 125-ml Erlenmeyer flasks with 25 ml of liquid medium containing Fries' salts (15), 0.03% glucose, and 0.05% arginine, and cultured on a reciprocal shaker (100 cycles/min) in continuous darkness at 26°C. The medium was adjusted to pH 7.0 before autoclaving by addition of NaOH. It became pH 6.7 after autoclaving. Chemicals were solubilized with ethanol and added to the medium. The final concentration of ethanol was 0.4%, and control series were always treated with the same concentration-ofethanol. Treatment with this concentration ofethanol for 3 h did not cause phase shifting at any time. The discs were washed once with fresh medium containing Fries' salts (15) , 0.15% glucose, and 0.25% arginine and transferred individually to race tubes with 8 ml of solid agar medium containing Fries' salts (15) , 0.15% glucose, 0.25% arginine, and 1.5% agar. They were cultured in continuous darkness at 26°C. All manipulations after the transition from light to dark were done under red safe light from 30-w white fluorescent lamps with red acrylic plate filters (Acrylite, Mitsubishi).
The time of bands for a given tube were subjected to a linear regression analysis for determining the phase of the first conidial band on agar medium (10 the mixture was centrifuged at 2,000g for 10 min, the supematant was centrifuged at 27,000g for 30 min, and the resultant supernatant was centrifuged once at 20,000g for 30 min. The final supernatant was centrifuged at 80,000g for 40 min, and the precipitate was suspended in 40 ml of 1 mm EGTA (pH 7.5) and centrifuged at 80,000g for 40 min. The final precipitate was suspended in 1 ml of 1 mm EGTA (pH 7.5) and used for determination of plasma membrane ATPase activity. ATPase activity in this fraction was inhibited 85% to 90%o by 20 24 to 48 h after the light-dark transition and then transferred immediately to race tubes. Control series were treated with the same concentration of ethanol (0.4%); this did not cause phase shifts at any time (data not shown). Phase, defined as the time of the first band in liquid culture, was calculated using assumptions described in "Materials and Methods." The phase of the experimental series was compared to that of the controls at each time point. All compounds gave similar phase response curves; maximum delay occurred at 33 h and maximum advances about 36 h after dark onset (Fig. 1) . The phase shifting effects of various concentrations of five compounds, DES, HEX, DIE, DESP, and DIEA were compared at 36 h (Fig. 2) (Fig. 3) . Table I shows the effects of these compounds on plasma membrane ATPase purified from rapidly growing mycelia and from mycelia cultured under the same conditions as in experiments for assay of rhythmicity. Although the drugs were somewhat less effective on the latter than on the former, the trend was the same as that shown in Figure 3 : DES and HEX were inhibitory while DIE, DESP, and DIEA were not. Since 20 LM vanadate inhibited only 70Yo of the activity, this preparation presumably contained ATPases other than that specific to the plasma membrane. Effect of DES and Related Compounds on Respiration. For measurements of 02 consumption, all compounds were added to the medium as ethanolic solutions. The final ethanol concentration was 0.4%. As shown in Figure 4 , this concentration of ethanol stimulated respiration by about 50%1o immediately and by 150o after 3 h of incubation. When DES, HEX, or DIE was added, stimulation was inhibited and the inhibition gradually increased. Therefore, respiration was determined 10 min after the addition of chemicals when the rate of 02 consumption had become almost constant. DES, HEX, and DIE had similar effects on respiration (Fig. 5) . At concentrations of 30 uM, respiration was lowered to the same level as in the absence of ethanol. This was also true for determinations made after 3 h of incubation with DES. On the other hand, DESP and DIEA inhibited respiration less than 20%o even at the highest concentration (80,M) tested. DISCUSSION DES shifted the phase of the circadian clock more effectively than any of four other related compounds (Fig. 2 ). HEX and DIE had similar effects when used at higher concentrations although DIE caused somewhat smaller phase shifts. Inasmuch as their molecular structures and phase response curves are similar, three compounds, DES, HEX, and DIE, probably affect the clock by acting on the same reaction. However, DESP and DIEA were much less effective in shifting phase than the others. This might be explained in two ways. One is that these compounds do not act on the reaction that DES, HEX, and DIE affect. The other is that DESP and DIEA are not incorporated into the cells as effectively as the other compounds. However, the two drugs did inhibit respiration to a small extent (Fig. 5) , and it is known that stilbestrol derivatives like DESP and DIEA are less inhibitive on 02 consumption of isolated mitochondria than the parent compounds (25) . Therefore, the first possibility seems more reasonable.
Plasma membrane ATPase activity was inhibited by DES and partially by HEX, but almost not at all by DIE, DESP, or DIEA. This result suggests that phase shifting is not due directly to inhibition of plasma membrane ATPase, since DIE shifted the phase of the clock nearly as effectively as DES and HEX. However, the phase shifts might be explained by a lowering of plasma membrane ATPase activity via inhibition of respiration. The activity of plasma membrane ATPase in Neurospora is dependent on the energy supplied by respiration (23) . Therefore, ifrespiration is lowered, for example by DIE, plasma membrane ATPase activity may be suppressed. However, this explanation seems unlikely because the rate of 02 consumption before addition of DIE was almost the same as that after addition of DIE at a concentration resulting in almost maximum phase shifting (Figs. 2 and 5 
